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Calculations of Eddy Current, Fluid, and Thermal
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In this paper, a 3-D eddy-current field model for calculating the eddy current losses in an air insulated bus duct system (AIBDS) is
proposed. The temperature rises in the AIBDS, including its long linear section and connecting unit, are evaluated using a coupled fluid
field and thermal field model. The contact resistance between the copper conductors and the temperature rise in those contact areas are
measured and compared with the simulation results in order to validate the proposed methodology.

Index Terms—Bus duct system (BDS), eddy current loss, temperature rise, thermal fluid.

1. INTRODUCTION

US DUCT systems (BDSs) instead of cables are mainly
B used in low voltage (LV) power distribution systems such
as indoor power substations, tall buildings and factories [1].
Most BDS are made of copper conductors with metal enclo-
sures. Recently there are two main types of BDS, the compact
BDS (CBDS) and air insulation BDS (AIBDS), which are com-
monly used in industry. The capacity of CBDS, in which the
space between two adjacent copper busbars is only 1-2 mm, is
generally larger than other BDS because the enclosure of the
former is made of aluminum alloy with excellent heat transfer
characteristics. Its eddy-current field covers an open boundary
and heat is transferred from the conductors to enclosure mainly
by conduction.

AIBDS with a steel enclosure has a close boundary in its
eddy current field. Due to the large air space between adjacent
conductors and between conductors and enclosure in AIBDS,
the copper loss heat energy is transferred, first, from the con-
ductors to the outer enclosure, mainly via convection, and then
from the enclosure to the ambient by convection and radiation.
Due to the complexity of the heat path, the temperature rise in
AIBDS cannot be evaluated readily using traditional heat con-
duction method only [2], [3]. The coupled eddy current, fluid,
and thermal fields must be solved collectively when computing
the temperature rise in AIBDS [1]-[3].

The most common design algorithm of AIBDS hitherto is to
use lumped circuits together with empirical curves. Recently,
the 2-D finite-element model (FEM) are used to analyze the
magnetic field distribution of BDS such as AIBDS [3]-[5],
CBDS [1], [2], [6], and single- or 3-phase busbars without
shielding [7], [8]. A 2-D hybrid FE-boundary element formu-
lation has also been applied in the magnetic field analysis of a
four-conductor device with alternating current (ac) supply [7].
In some studies, the electromagnetic (EM) field is computed
using FEM with the assumption that the exciting current is
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Fig. 1. Schematic structure of an AIBDS showing the basic AIBDS and the
location of the measurement points.

equal to the peak value of the steady-state ac current while
the eddy current in the conductors is ignored [8]. In all these
researches, only the long linear section of the BDS is being
modeled and analyzed. Nevertheless, an accurate BDS design
requires a 3-D study of the eddy-current field, fluid field, in-
duced magnetic heating, and thermal behaviour of the busbars
since the design and analysis include not only the linear section
of BDS, but also the different connecting units.

In this paper, 3-D eddy-current field FEM to calculate the
losses is described, and then the coupled fluid and thermal fields
are solved. The convection of air inside the enclosure and the
thermal conduction in the solid materials are also computed.
The temperature rises of copper busbars and enclosures in the
AIBDS are determined by solving the governing equations.
A 1600-A AIBDS, together with its long linear section and
connecting unit, is studied and reported. The measured contact
resistance and temperature rise in the contact areas between
copper conductors are incorporated in the computation.

II. FORMULATION

A. 3-D Eddy-Current Field Model

Fig. 1 shows a typical AIBDS structure. To analyze the losses
and thermal problem in the AIBDS, the 3-D eddy-current fields
have to be evaluated as described in the following.

Using Maxwell’s equation in which the magnetic vector po-
tential and the electric scalar potential are introduced, the eddy-
current field equations are written as [9], [10]

VXxvVxA—-VoV-A+oVe+jwocA=0

V.- (—oV¢— jwoA)=0 } in Vi ()
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VXxVvVxA-—VuV-A=J, inVy )
where V5 is the source current area, V is the other area without
source current, and V is the whole solved area.

The boundary conditions are

nxA=0 .

VV-A:O} in S; 3)
VWxAxn=0 .

n-A—o0 } in Sy 4
A=A,

1/1V A1_1/2V A2 inSlz (5)

1/1V X A1 X N9 = I/QV X A2 X Njo
n-(—jwcA — V) =0

Introducing the boundary condition, the weighted residue
equation can be written as

/(nyNi-VxA+yV-NiV~A+jwoNi~A
JV

+0N; Vo —N;-J,)dv=0
/ VN; - (jwoA + oVé)dv =0 inVy (7
Vi

inV (6)

where N; is the weighted function. In the model, the unique-
ness condition can be satisfied. The boundary condition and the
source current are readily included in the evaluation of the mag-
netic flux, eddy-current profiles, and heat loss.

B. Thermal Equations

At steady state, the thermal problem of the CBDS satisfies the
following thermal equilibrium equation:

P+ Py = Qkp + QkF ®)
where Py; and Pk are the power losses in Joule, respectively,
in the phase busbars and the enclosure, Qkp and Qkr are, re-
spectively, the heat loss from the enclosure to the surrounding
air by radiation and convection.

In AIBDS, the radiation heat is negligibly small and heat loss
is transferred mainly by natural convection from the conductors
to the enclosure and from the enclosure to the surrounding air.
The natural convection inside the AIBDS satisfies the following
Navier—Stokes equations [1]:

d(pu) | I(pv)  I(pw) _
or oy + dz 0 ©)
Ju Ju ou 9 oP
pua——l—pva —I—pwaz—uVu—%—i—Saz
(10)
v Ov v 9 oP
pua——l—p’ua——i—pwa——uv v—a——l—Sy
(11
ow ow ow 9 oP
pua——i—pva —i—pwa— /LVw—8—+S7
(12)
T T T
pcua— + pcva— + pcw8 =kV2T +Q (13)

oz dy 0z

where p is fluid density, u is viscosity coefficient, ¢ is the spe-
cific heat, k is the coefficent of heat conductivity, u, v, w are the
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respective x-, y-, z-direction potentials of the fluid speed, P is
the fluid pressure, 7" is the fluid temperature, Sy, Sy, and S, are
the sources in the respective z-, y-, and z-directions, and @) is
the heat value per unit volume.

In the computation, the ambient temperature is set to 40 °C.
The heat sources in AIBDS are the losses in the busbars and
enclosures. The heat transfer coefficient is an empirical param-
eter that takes care of the heat transfer relationship and the na-
ture of air flow patterns near the surfaces, the air properties as
well as the geometry of the outside surfaces as determined by
the nondimensional parameters that include the Grashof (Gr),
Prandtl (Pr), Rayleigh (Ra), and Nusselt (Nu) numbers [1], [3].

The Nusselt number can be represented by a power law

Nu = C(Gr-Pr)". (14)
The Grashof number is defined by the following:
ATL3
v

where ¢ is the gravitational acceleration, 3 is the coefficient

of thermal expansion, # is the temperature difference, L is the

equivalent linear dimension, and v is the kinematic viscosity.
The Prandtl number is given by

Pr=—
o

(16)

where « is the thermal conductivity of the fluid (air in this
case) and C' and n are dimensionless constants dependent on the
system. For the case being studied, n equals to 0.25, C' equals
to 0.59 for the vertical surfaces, 0.27 for the upper horizontal
surface, and 0.54 for the lower horizontal surface [3].

The Nusselt number is a nondimensional heat transmission
coefficient defined by the following equation (applicable at
steady state) [1]:

he.L

N =
b b

7)

where h. gives a measure of the heat quantity transferred per
unit time and per unit area to the outside busbar surfaces. For
the system being studied, the coefficient h. (W/m? K) is 5.436
for the vertical surfaces, 3.082 for the upper horizontal surface,
and 6.164 for the bottom surface.

III. CALCULATIONS AND TEST OF A 1600-A AIBDS

A 1600-A AIBDS structure has been designed and built. Its
eddy-current field, losses, fluid, and temperature rises are com-
puted using the proposed algorithm. In the computation of the
eddy-current field, the rated source current is 1.6 kA and the
3-phase source currents are assumed to be (—1.1312 4 j1.959)
kA in phase A, (2.2624 + j0) kA in phase B, and (—1.1312 —
71.959) kA in phase C. The total elements and nodes are 33777
and 19012 and there are 61774 unknown variables. The compu-
tation time is 153 min using a Pentium-IV Computer (2.6 GHz
and 1-G memory). The source programs (FE method) such as
mesh generation, stiffness matrix generation, and the equation
solver are written in Fortran. The relative permeabilities of the
copper conductor and steel enclosure are assumed to be 1 and
500, respectively. Tables I and II also give, respectively, the
main geometrical and material properties of the analyzed model.
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TABLE 1
MAIN GEOMETRY DATA OF THE ANALYZED MODEL

Width of  Height of Separation of Width of  Height of Thickness
conductor conductor adj. conductors enclosure  enclosure of enclosure
(mm) (mm) (mm) (mm) (mm) (mm)

8 130 12 180 180 1.5
TABLE II
MATERIAL DATA OF THE ANALYZED MODEL
Material Thermal conductivity Specific heat Density  Resistivity

( W/K/m) (J/kg/K)  (kg/m*) (10°Q'm)
Copper 1.65x(1+
conductor 399 385 8933 0.004xT)
Stecl 432 460 7850 9.7
enclosure
Insulation 0.043 1.026 34.8 -

where T is temperature of the copper conductor (°C)

TABLE III
LOSSES IN THE BUSBARS AND ENCLOSURE IN A 1600 A AIBDS (W/M)

N-phase A-phase B-phase C-phase
busbar busbar busbar busbar D
0.46 94.2 98.4 93.7 4.6

Table III gives the losses of the busbars and enclosure in the
scheme.

It is found from simulation that there are eddy currents in
both the N-phase busbar and enclosure. The total losses of the
AIBDS is 291.4 W/m. That includes 286.3 W/m in the A-, B-,
and C-phase busbars and 5.06 W/m in the enclosure and N-phase
busbar. As theresistivity of the copper busbars and the convective
heat transfer coefficient are temperature dependent, their effects
must be included in the eddy-current field and thermal equations.
The governing equation, thus, derived is then solved iteratively
by assuming, first, an initial temperature rise in the copper
conductors and enclosures. If the error between the calculated
temperature and the initial temperature assumed is larger than
€ (e is assumed to be 10%), the initial temperature needs to be
modified and then the convective heat transfer coefficient of the
enclosure, the resistances, losses, and temperatures of the copper
conductors and the enclosure are calculated all over again.

Fig. 2 shows the EM field pattern on a cross section of the
AIBDS and Fig. 3 illustrates the distribution of the temperature,
which has the maximum on the B-phase conductor. As the air
is being heated, it flows upwards along the space between the
adjacent phase conductors and then downwards along the space
between the copper conductor and side plate of the enclosure
and then circulates as shown in Fig. 4. The fluid speed can reach
0.19 m/s. Because of this, the maximum temperature in the en-
closure are observed on its upper surface as shown in Fig. 5, and
it is higher than the corresponding one on the down surface by
about 8 K.

In order to check whether the AIBDS complies with the de-
sign, an experimental bus duct is built and tested. In the test,
the temperature of a horizontal busbar with vertical copper con-
ductors located at a distance of 200 mm from the ground is
measured. The conductors are fed from one side with a low
voltage 3-phase supply. The other sides of the busbars are short
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Fig. 2. Electromagnetic field on a cross section of the AIBDS.
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Fig. 3. Temperature in the AIBDS.
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Fig. 4. Fluid field in the AIBDS.
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Fig. 5. Enclosure temperature profile.

circuited. The neutral phase is not connected. The temperature
measurements are taken using thermocouples. The results of the
test indicate that the temperature rise in the measured points
on the busbar is in good agreement with the computed result.
Table IV gives the test and computed temperature rise results
(measurement positions are as shown in Fig. 1). It can be seen
that the hottest spot in the busbar and in enclosure are lower
than the respective maximum temperature rise limits of 30 and
70 K of the AIBDS. Close agreement between the computed and
measured temperature rise on the busbars, as shown in Table IV,
can be seen as a good validation of the proposed methodology.

Fig. 6 shows the temperature rise in the AIBDS, with curves
1,2, and 3 corresponding to the temperature rises in the B-phase
busbar, the N-busbar, and the enclosure, respectively.

Sections of busbars in AIBDS are usually bolted together
electrically. The contact resistance of the connecting parts is
one of the main factors influencing the thermal performance of
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TABLE IV
TESTED AND CALCULATED RESULTS OF TEMPERATURE RISE (K)

Measured point Tested Computed Error (%)
1 61.3 57.72 5.3
2 63.8 62.65 1.8
3 60.6 57.65 7.3
4 61.7 58.21 8.4
5 64.4 63.49 0.4
6 61.5 58.01 6.2
10 63.8 58.21 9.7
11 65.9 63.50 4.0
12 62.3 58.10 8.1
16 61.6 57.32 8.8
17 63.4 62.23 1.7
18 61.3 57.02 8.0
25 43.0 39.15 49
26 46.4 43.52 7.3
27 46.4 43.53 4.6
28 43.6 40.02 4.1
29 (Enclosure) 20.8 22.79 7.9
80 | 1
% 60 F
2 r
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Fig. 6. Time variation of temperature rises during the test.

TABLE V
MEASURED CONTACT RESISTANCE OF TWO CONDUCTORS (:£2)

1 2 3 4 5 6 7 8  Average
Aphase 1.7 22 14 21 23 09 18 27 1.89
Bphase 22 16 18 23 30 21 23 19 2.15
Cphase 28 26 20 28 23 18 19 27 2.24

AIBDS, because the contact resistance could have significant
bearings upon the temperature rises in the busbars. Indeed, the
temperature rise at the contact is generally higher than those
in the other sections such as in the long linear sections of most
AIBDS. Obviously, the contact resistance is governed by factors
such as the material characteristics, contact condition, contact
pressing force and the degree of oxidization or state of sulfu-
ration at the contact surfaces of the copper conductors. Thus, a
pure computation of the contact resistance is difficult and the
contact resistance between two sections of the busbars as well
as the temperature rises at the connecting sections of the AIBDS
are measured. Table V shows the contact resistances, which is
the average of eight measurements, in the 3-phase copper con-
ductors. As mentioned earlier, Table IV gives the temperature
rise in the connecting sections of the AIBDS. It can be seen that
the differences in temperature rise at the measuring positions in
the same phase are small.

The influence of the gap space between the two adjacent
phases upon the temperature rise of busbars have also been
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Fig. 7. Variation of temperature rise in the B-phase conductor against the space
distance between two adjacent phase conductors.

investigated. In this study, the space distance is changed from
6 to 20 mm, whereas the current ratings and busbar sizes are
assumed constant. The corresponding temperature rise of the
copper conductors in the B-phase are shown in Fig. 7. It can be
seen that the busbar temperature decreases as the gap between
the two adjacent phase conductors increases until it reaches a
minimum at 12 mm. Upon careful consideration of the thermal
and fluid factors, the distance of the adjacent phase conductors
is chosen as 12 mm in the final design.

IV. CONCLUSION

Unlike other research results presented before, a 3-D eddy-
current field method is described for the computation of eddy
current losses in an AIBDS in this paper. By solving the thermal
equations, fluid equations, and eddy-current field, the tempera-
ture rises of the busbars, the enclosure, the long linear section,
and the connecting section in the AIBDS are all determined and
analyzed. The calculated and test results are found to be in good
agreement.
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